The expansion of global air travel and seaborne trade overcomes geographic barriers to insect disease vectors, enabling them to move great distances in short periods of time. Here we apply a coupled human-environment framework to describe the historical spread of Aedes albopictus, a competent mosquito vector of 22 arboviruses in the laboratory. We contrast this dispersal with the relatively unchanged distribution of Anopheles gambiae and examine possible future movements of this malaria vector. We use a comprehensive database of international ship and aircraft traffic movements, combined with climatic information, to remap the global transportation network in terms of disease vector suitability and accessibility. The expansion of the range of Ae. albopictus proved to be surprisingly predictable using this combination of climate and traffic data. Traffic volumes were more than twice as high on shipping routes running from the historical distribution of Ae. albopictus to ports where it has established in comparison with routes to climatically similar ports where it has yet to invade. In contrast, An. gambiae has rarely spread from Africa, which we suggest is partly due to the low volume of sea traffic from the continent and, until very recently, a European destination for most flights.
T
hroughout history the opening of travel and trade routes between countries has been accompanied by the spread of microbes and their vectors (1) . Significant events include the 14th-to 17th-century plague pandemics, the 19th-century cholera epidemics, and the escape of Aedes aegypti from West Africa, facilitating yellow fever epidemics in North American port cities in the 19th and early 20th centuries (2) . The most devastating disease vector introduction in recent history was that of Anopheles gambiae (3, 4) , the most important malaria vector in Africa, to northeastern Brazil in 1930. Although malaria was already endemic in the area, the greater vectorial capacity of this mosquito species, relative to local species, sparked Plasmodium falciparum malaria epidemics costing 16,000 lives (5) before eradication of An. gambiae by an effective, yet costly, control program (6) .
During the last 50 years air travel passenger numbers have grown by nearly 9% per annum (7) ; shipping traffic has increased by Ͼ27% since 1993 (8) . This growth is associated with rising numbers of cases of biological invasion. Gradual mixing of the world's biota represents a global problem, with consequences ranging from native species' decline to threats to human health (9) . Biological invasion is a multistep process involving initial dispersal, establishment, and spread (10, 11) . Invasion research has increased considerably over the past 15 years, yet the initial dispersal phase, on which the other stages rely, remains the least studied (9) . Recent biological invasions have involved both disease vectors (12) and the expansion or reemergence of vector-borne diseases (13) .
Modern transport facilitates the movement of disease vectors farther and faster than ever before. Aircraft have been proven capable of transporting disease vectors through experiments (14) , the phenomenon of airport malaria (15) , and incoming flight surveys (16) . Air travel is also suspected to be directly responsible for the dispersal and consequent establishment of exotic mosquitoes on many Pacific islands, including Hawaii (12, 17) . Modern container ships are known to have introduced numerous alien mosquito species, including the Asian tiger mosquito, Aedes albopictus (18) , to new areas (12) . Ae. albopictus is of medical and public health concern because it has been shown in the laboratory to be a highly efficient vector of 22 arboviruses, including dengue, yellow, and West Nile fever viruses (19, 20) . In the wild, however, its efficiency as a vector appears to be generally low (19, 20) , although it has been implicated in recent dengue fever outbreaks in the absence of the principal vector, Ae. aegypti (20, 21) . From its Old World distribution reported in 1930 (Fig. 1) , Ae. albopictus expanded its range first to the Pacific Islands (20) and then, within the last 20 years, to other countries in both the Old World and the New World ( Fig. 1) (20, 22) , principally through ship-borne transportation of eggs and larvae in tires (23) .
Although distance may no longer represent a significant barrier to vector movement, climate at the point of entry still presents a fundamental constraint to establishment, because small invertebrates are very sensitive to the weather. Here we combine data on global air and sea traffic volumes with climatic data to examine the effects of these constraints on global disease vector dispersal and establishment. By remapping the global transport network in terms of climatic similarity, we examine both how predictable was the spread of Ae. albopictus and what might be the potential for future dispersal of both Ae. albopictus and An. gambiae. Fig. 2 displays climatic dendrograms for the global shipping network (Fig. 2 A) and the global air travel network (Fig. 2B) . The dendrograms are climate-based phenetic trees that represent the global transport network remapped in terms of suitability for each disease vector. The cutoff level on the seaports dendrogram that included 90% of ports within the Old World distribution of Ae. albopictus encompassed a single branch. This branch consisted of two major subbranches reflecting the tropical and temperate Ae. albopictus races (24) , with the remaining 10% of ports displaying quite distinct environments (Mormugao, New-Mangalore, and Kuching). Ninety percent of airports within the preexpansion distribution of Ae. albopictus were encompassed in a single branch of the airport dendrogram, but temperate and tropical races were again distinguishable within this branch.
Results
From Ͼ25,000 possible sea routes and Ͼ6,000 air routes, Table  1 shows the top 10 shipping and air travel routes identified as having the highest relative invasion risk (defined in Materials and Methods) for Ae. albopictus and whether or not this species has been recorded at the arrival port. We attempted to quantify the relative importance of sea traffic volume and local climate in the establishment of Ae. albopictus by examining all 68 ports within the invasion risk dendrogram branches. Some (n ϭ 21) ports were within the original range of Ae. albopictus, but, of the other 47, to date just over half are in regions colonized or where breeding populations have been found. Within this group of 47 ports, the average climatic distances of the invaded (n ϭ 24) and noninvaded (n ϭ 23) ports were identical, but average sea traffic volumes were significantly (2.43 times) greater in the former than the latter (41.84 ship visits per annum per route for invaded ports and 17.24 for noninvaded ones; t ϭ 2.343, P ϭ 0.0024). Fig. 3 shows the 10 sea traffic routes identified with the strongest risk factors for importation and establishment of each of four principal members of the An. gambiae complex. The results of the air traffic analysis for the African mosquitoes are not displayed here because the current European bias in flight routes from Africa and the climatic differences between the two continents mean that few risk routes were identified.
Discussion
There is excellent correspondence between the predicted top 10 risk routes in Table 1 and the global spread or interception of Ae. albopictus. Three of the top 10 shipping routes run from Japan to the southeast United States, where some of the earliest breeding populations of Ae. albopictus were found and identified as originating from Japan (12) . Genoa, the destination of two more routes from Japan, was one of the earliest European cities to report Ae. albopictus, which was established there by 1990 (25) ; the vector has since become the most important local nuisance mosquito (20) . Of the remaining routes in Table 1 , interceptions of Ae. albopictus in tire shipments from Japan to Australasia have been made in both Brisbane (26) and Auckland (27) , but the species appears not to have established, probably an endorsement of the strict local inspection and fumigation policies (12) . There is no documented evidence of invasion of Fraser, Canada, by Ae. albopictus. Given the climatic similarity of ports in Japan and Fraser and the level of shipping traffic between the two, Fraser should be considered at high risk, especially because Ae. albopictus has already been intercepted at nearby Seattle (28) .
Traffic volumes within the global transport network have been proposed as important in determining biological invasion success (29) (30) (31) . The role of shipping depends on a range of factors, such as ship type and destination port (32) . Although it has been suggested that invasion pressure (the number of arriving propagules) is not a simple function of total ship arrivals, the present analysis suggests that the combination of traffic volumes and climatic suitability can explain a great deal of the global spread of Ae. albopictus and that, when the climatic suitabilities of sites are similar, shipping volume alone appears to determine invasion probability.
Although air travel is not implicated in the spread of Ae. albopictus, 6 of the 10 highest-risk air transport routes (Table 1) link the original range of Ae. albopictus with Honolulu in Hawaii, where this species has become established (33), whereas the remaining destinations have all reported interceptions of this mosquito. Recent work suggests that air travel was indeed the most likely route of invasion for Ae. albopictus to Hawaii (17) . Details on Hawaiian ports were not available in the sea traffic database.
Although the efficiency of Ae. albopictus as a disease vector remains unclear, the An. gambiae complex of African mosquitoes are proven efficient vectors of P. falciparum malaria. Their establishment outside Africa, which has been the subject of recent speculation (34) , could have devastating consequences (6) . The results in Fig. 2 show that An. gambiae sensu stricto and Anopheles melas, from the hotter, wetter parts of tropical West and Central Africa, are more likely to thrive in climatically equivalent zones in Southeast Asia and Central͞South America. In contrast, Anopheles arabiensis prefers drier climates, which match those of the Middle East and Canary Islands, whereas Anopheles quadriannulatus prefers relatively cooler habitats in southern Africa that are matched most closely by those elsewhere in South Africa, Mediterranean Europe, and Japan. In each case, the combination of local climate and volume of sea traffic determines the areas at greatest risk of invasion. Unlike the Ae. albopictus risk routes, however, there is no evidence of An. gambiae invasion at any of these destinations to date. This absence of invasion may be partly explained by the relatively low sea traffic volumes originating from most African ports, which are only 1͞10th (An. melas and An. quadriannulatus inhabited areas), 1͞20th (An. arabiensis), and 1͞30th (An. gambiae sensu stricto) of the average volumes of traffic on the Ae. albopictus routes in Table 1 . These figures appear to reinforce the conclusion about the importance of traffic volume, although An. gambiae sensu lato may also be less prone to move than Ae. albopictus because it is less well adapted to anthropogenic 
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breeding sites, such as tires (3, 4) , and is less frequently found in urban areas (35) . In contrast to the sea routes, which originate in Africa and have distant destinations in ecologically equivalent environments, the air travel network from the African continent is primarily to European destinations, outside of the climatic suitability limits of An. gambiae s.l. The air transport destinations most at risk are, therefore, generally to be found within the continent itself or are very close to it. Thus, we identify existing potential risks of air transfer of An. arabiensis to the Middle East and of An. quadriannulatus from Mozambique to Southern Europe (Lisbon). The air transport climate dendrogram also identifies climatic similarities to Africa in both South America and Southeast Asia, but these were not linked by any direct flights in the database used for this analysis. Recently, however, long-haul flights from Africa direct to Washington, DC; Beijing; Hong Kong; and Bangkok, Thailand, have been opened, considerably increasing the risk of introducing malaria vectors from Africa.
There are currently no confirmed examples of vector establishment arising from air travel (12) , although there is circumstantial evidence that this has occurred (12, 16, 36) . This mode of transport, however, may be more important in delivering the disease, rather than the vector, via infected human passengers (37, 38) . Furthermore, the continuing rise in imported and airport malaria cases (39, 40) , the spread of insecticide resistance in mosquitoes, and antimalarial drug-resistant malaria parasites (41, 42) are all reflections of an expanding global air transport network, increased travel to malarious countries (43) , and declining aircraft disinsection (16) .
Successful biological invaders can be difficult to predict given the lack of evidence of a universal trait related to invasion (44) . The identification here, however, of the principal routes of movement of Ae. albopictus from thousands of possible alternatives is evidence that seaports and airports within the global transport network at greatest risk of future spread of disease vectors can be highlighted through a combination of climate and traffic data. Such an approach can, therefore, be used to prioritize monitoring, inspection, and quarantine efforts. Future challenges involve incorporating more sophisticated climatic data and extra variables, as well as information on shipping and aircraft specifics, intraspecies competition, vector infection rates, human populations at risk, seasonality, breeding site availability, disinsection, and land transport routes.
It is being increasingly recognized that future progress in the fields of emerging diseases and ecology requires a holistic perspective incorporating multiple-scale social, physical, and biological dimensions (45) . The study of disease vector dispersal must encompass scales from the study of microbial pathogens and arthropod vectors to the global scale of ecological processes affected by humans. Continuing globalization will increase the relative risks of establishment of a range of vectors, as will many aspects of global climate change (46) . There is no room for complacency because, whereas quarantine services must succeed every time, disease vectors need succeed only once to establish new bridgeheads from which to invade new regions or continents.
Materials and Methods
Transport Matrices and Climatic Signatures. Estimates of the amount of traffic among the 243 most visited international seaports in 2000 (30) yielded measures of traffic volumes on a total of 29,403 routes. Data on total air passenger numbers moving between the world's 278 principal international airports in 2000 were also obtained (OAG Worldwide). Air and sea transport matrices were produced, with each cell containing the number of air passenger or ship movements between each port. The locations of the seaports and airports were superimposed onto nine gridded global climate surfaces (47) representing means, maximums, and minimums of temperature, rainfall, and humidity, each rescaled to the same range of values. Each 10 ϫ 10 (Ϸ18 ϫ 18 km at the equator) grid square covering the seaport͞airport location was identified. To ensure a representative climate measure, up to eight land pixels surrounding each seaport͞airport grid square were identified where possible. Any seaports͞airports located on islands too small to be represented by the climate surfaces were eliminated from the analysis, reducing the sample size to 241 seaports and 259 airports. The selected grid square data from the nine climate surfaces thus formed the climatic ''signature'' of each port.
Hierarchical Clustering and Climatic Envelopes. The distance in climatic space between each seaport͞airport signature and every other seaport͞airport signature was calculated to produce separate seaport and airport ''climatic dissimilarity'' matrices. Euclidean distance measures were used because there were generally too few pixels for any more sophisticated measures of environmental distance. In the few cases where they could be applied, more complex statistical measures of distance did not affect the results. To remap the global transportation network in terms of disease vector accessibility, each climatic dissimilarity matrix was subjected to hierarchical clustering by using an agglomerative algorithm (PHYLIP V3.63, University of Washington). The clustering results were then translated into dendrograms based on centroid linkage to map the world's seaport and airport connections by climatic similarity.
To examine how predictable was the spread of Ae. albopictus, each seaport and airport location was overlaid on a map of the mosquito's Old World range ( Fig. 1) (20, 24, 48) and classified as either inside or outside the historical distribution. Those seaports͞airports within the distribution were located on the relevant dendrogram. The dendrogram branch that encompassed at least 90% of the ports was designated as defining the limits of Ae. albopictus ' ''climatic suitability envelope.'' In doing this, we allowed for the fact that Ae. albopictus has both temperate (diapausing) and tropical (nondiapausing) races with distinct environmental requirements and different original geographical distributions (24) . Assuming the availability of suitable habitats and breeding sites and no interspecific competition, the chance of a vector becoming established on introduction is considered highest if the climate at any new (previously uninvaded) site is similar to that at sites within its historical distribution (49). Those seaports͞airports not within the historical distribution of Ae. albopictus, but linked via a dendrogram branch within the environmental envelope, were therefore considered to be similar enough climatically for there to be a risk of vector establishment.
Where sufficient seaport and airport data existed within the predicted range of each mosquito (50), the above procedure was repeated for the malaria vectors, An. gambiae sensu stricto, An. arabiensis, An. quadriannulatus, and An. melas.
Risk Matrices. The risks of invasion were quantified as a function of climatic similarity and traffic volume between the origin and destination seaport͞airport by rescaling independently the climatic dissimilarity and sea͞air traffic matrices to a range between 0 (climates of the seaports͞airports in question very different; no traffic between them) and 1.0 (climates identical or traffic high). The product of these rescaled measures was taken to represent relative invasion risk for the sites on the dendrograms.
